M
ucopolysaccharidosis IVA (MPS IVA; Morquio A disease) is an autosomal recessive disorder caused by a deficiency of the lysosomal N-acetylgalactosamine-6-sulfate sulfatase (GALNS; E.C.3.1.6.4; OMIM# 253000). GALNS is one of the sulfatases required to degrade glycosaminoglycans (GAGs), keratan sulfate (KS), and chondroitin-6-sulfate (C6S). GALNS deficiency results in lysosomal storage disease. As in other mucopolysaccharidoses, MPS IVA patients have a broad spectrum of clinical severity. Phenotypes vary from the classical form with severe bone dysplasia (spondyloepiphyseal dysplasia), short trunk dwarfism, coxa valga, odontoid hypoplasia, corneal opacity, and a life span of 20-30 years, to a milder (attenuated) form. The patients with a milder form may have a normal quality of life and mild bone and visceral organ involvement. The broad spectrum of clinical phenotypes seen in MPS IVA is presumed to be generated by multiple different GALNS mutations. Investigations of the molecular nature of MPS IVA have been facilitated by purifying the enzyme, and by isolating and characterising both the GALNS gene and the full-length cDNA encoding the human GALNS protein. [1] [2] [3] The cDNA contains an open reading frame of 1566 bp which encodes a 522-residue polypeptide. The gene spans approximately 50 kb, and contains 14 exons (GDB Accession ID: 129085).
Molecular analyses of over 100 MPS IVA patients with diverse ethnic or geographic origins (Australian, British, Colombian, Finnish, German, Irish, Japanese, and Turkish) have been reported. [4] [5] [6] [7] [8] [9] [10] [11] To date, around 90 different mutations responsible for various phenotypes have been identified, documenting the allelic heterogeneity in the GALNS gene, which correlates with the clinical variability within MPS IVA. Most of the known mutations (85-95%) in the GALNS gene have been detected by using PCR of genomic DNA for each exon (14 amplicons) and single-strand conformation polymorphism (SSCP), [6] [7] [8] [9] [10] [11] [12] a reliable screening method. The variety (missense or nonsense), frequency, and location of point mutations causing human genetic disease are highly non-random. This non-randomness at the DNA level has been attributed to variations in the local DNA sequence environment, for example, the presence or absence of CpG dinucleotides. DNA methylation at the cytosine residue of CpG dinucleotides produces 5-methylcytosine, which results in a cytosine-to-thymine transitional change via methylation-mediated deamination. That CpG methylation in mammalian cells has important implications in the etiology of genetic diseases is suggested by the fact that 10-60% of point mutations causing human diseases result from transitions at CpG dinucleotides. 13 14 Distribution of CpG mutations within a gene is uneven. This may be explained by differences in methylation in germ-line DNA of each gene, differences among exons of the same gene, and variable numbers of CpG sites in different genes.
Transitions at CpG dinucleotides account for over 20% of point mutations that cause MPS IVA phenotypes and two polymorphisms. However, no transition at CpG sites has been detected in exons 1, 9, 12, or 14, another example of the nonrandom distribution of the CpG transitions. Although recent advances have led to a better understanding of the methylation pattern in the 59-region of housekeeping genes, few studies have been reported on the methylation pattern of an entire gene. 15 The present study applied a new strategy using long genomic PCR with five amplicons followed by direct sequencing to sequence the complete coding regions of the GALNS gene. We report mutation analyses in 28 patients from various ethnic populations. In addition, analysis of the methylation pattern at CpG cytosines of the GALNS gene allowed us to clarify the correlation between transitions at CpG sites and the methylation status of CpG sites. N Our data provide further evidence for extensive allelic heterogeneity in GALNS mutations and provide another example of the correlation between methylation status of CpG sites and distribution of transitional mutations.
METHODS
Patients MPS IVA patients were diagnosed at each collaborating institute and the Department of Pediatrics, Saint Louis University (St. Louis, MO). Twenty-eight MPS IVA patients were analysed. GALNS deficiency was demonstrated in all cases by enzyme assay. Plasma and urine KS concentrations were measured as described previously, and the reagents were obtained from Seikagaku (Tokyo, Japan). 16 The subjects studied included 16 Americans, four Canadians, two Austrians, two Pakistanis, two Japanese, one Mexican, and one New Zealander. Clinical data and the racial background of each patient are reported in table 1. Peripheral blood samples were collected from the patients after obtaining an informed consent at each collaborating institute. 
Mutation analysis of GALNS gene

Methylation study of the GALNS coding region
Sodium bisulfite and sequencing
Sodium bisulfite catalyses the conversion of cytosine to uracil residues in single-stranded DNA, whereas methylated cytosines remain unreactive under these conditions. Upon PCR amplification of the genomic region of interest, the converted uracil residues are replicated as thymines instead of cytosines. A remaining cytosine in the sequence of the PCR product, therefore, demonstrates that this site is methylated on the template DNA. Normal genomic DNAs from two males and two females were isolated from peripheral blood samples. The DNA samples were used to determine the distribution of cytosine methylation at the GALNS gene locus covering the coding region (exons 1-14) and each exon-intron boundary. Bisulfite conversion of genomic DNA was performed using the protocol described previously. 15 17 Briefly, genomic DNA was digested overnight with EcoRV, boiled, and denatured by adding freshly prepared 3 M NaOH to a final concentration of 0.3 M and incubated at 42˚C for 30 min. Final concentrations of 3.4 M sodium bisulfite and 1 mM hydroquinone were added to the denatured DNA. The DNA was gently mixed in this sodium bisulfite/hydroquinone solution and incubated at 55˚C for 6 h. Unbound bisulfite was removed from the DNA using microspin S-200HR columns (Pharmacia Biotech, Piscataway, NJ). The purified DNA sample was subsequently mixed and incubated with freshly prepared NaOH (0.3 M final concentration) at 37˚C for 20 min. NaOH was removed using microspin S-200HR columns and the flow-through (about 100 ml) contained the converted DNA ready for amplification.
PCR conditions
PCR amplifications were performed as previously described 15 in a 50-ml reaction mixture containing 2-5 ml bisulfite-treated genomic DNA, 200 mM dNTPs, 1 mM primers, 10 mM TrisHCl, pH 8.3, 1.5 mM MgCl 2 , and 0.4 ml Taq 2000 DNA polymerase (Stratagene, La Jolla, CA). The amplification was performed under the following conditions: 94˚C for 5 min for one cycle; 95˚C for 45 s, 60-65˚C for 30 s, 72˚C for 45-90 s for 35 cycles; 72˚C for 7 min for one cycle. The PCR products were purified using a column purification kit (Roche, Indianapolis, IN). The second PCR proceeded in a 2-4-ml reaction mixture from the first PCR, 200 ml dNTPs, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , 1 mM primers, and 0.4 ml Taq 2000 polymerase. The primers used were a new set of two nested primers. Namely, four sets of primers were synthesised to obtain one fragment and PCR amplifications were performed for both strands by using each strand-specific primer. To include exons 1-14, 14 PCR fragments were prepared for one strand (56 primers of PCR amplification for each strand) and in total 112 different primers were used for PCR amplification (fig 2) . The primer sequences designed here are available upon request. The final PCR fragments generated with the nested primer pair were isolated and ligated into easy T-vector (Promega, Madison, WI). After transformation, five randomly picked clones (in total 20 independent clones for each fragment) were sequenced using fluorescent-labelled dideoxynucleotides (ABI, Foster City, WA). The status of methylation at individual CpG sites was determined from the frequency of clones having C at each site in the sequence analysis.
RESULTS
Biochemical and physical diagnoses of the MPS IVA patients
In this study, we have analysed the GALNS gene of 28 MPS IVA patients from various ethnic populations using long genomic PCR and a direct sequencing method. The clinical characteristics, biochemical data, and identified genotypes of the patients included in this study are summarised in table 1. On physical examination, all patients were found to have growth retardation, joint laxity, and bone dysplasia and some were found to have heart valvular disease and deafness (data not shown). The final heights of the patients, who had all stopped growing, were between 86.4 cm (28.4 SD) and 165 cm (21.6 SD). All patients were neurologically normal. Ten patients had a milder form of the disease, while the other 18 had a severe form based upon physical examination and biochemical analysis. The plasma KS concentrations in MPS IVA patients examined were between 310 and 1388 ng/ml. These values were higher than those in age-matched controls (20-240 ng/ml) (table 1) . 16 Urine KS concentrations in MPS IVA patients (0.94-19.4 mg/g creatinine) were also significantly higher than those of age-matched controls (0.03-0.67 mg/g creatinine). 16 Genomic PCR and sequence analyses of the GALNS gene The PCR products (F1-F5) of the GALNS gene were amplified from genomic DNA (fig 1) . The complete coding region and exon-intron boundaries of the GALNS gene were analysed by direct sequencing. In all, 32 different mutations were identified in 28 MPS IVA patients (table 2). Thirteen of the mutations (M41L, 209-220del, F69V, G155E, 655delG, D233N, c.813+1G.C, c.953+1G.C, c.954-2A.G, G340D, L345P, L352P, and H398D) were described here for the first time in MPS IVA patients. The other 19 mutations (G47R, P77R, R90W, R94G, I113F, G139S, H166Q, N204K, G247D, S287L, A291T, S295F, G301C, T312S, Q338X, R361G, R376Q, R386C, and M391V) were previously reported 4 6-12 18 . Sixteen out of 19 reported mutations were observed in multiple ethnic groups, while I113F and T312S or N204K were found only in British/Irish or Japanese subjects, respectively. In this study, no mutation accounted for over 10% of all alleles investigated. None of these mutations was found in over 100 normal control chromosomes. Control DNAs were of European ancestry.
Fifty of the 56 disease alleles were defined and accounted for 88% of the mutant alleles in this group of MPS IVA patients. Eight out of 27 missense and nonsense mutations (30%) resulted from transitions at CpG dinucleotide sites. When the recurrent mutational event was added, the transitional mutations at CpG dinucleotides accounted for 23% of all point mutations (10 of 44 alleles).
The severity of each mutation depends on its location, the nature of the amino acid change, and the effect that it has on the catalytic activity of the protein. Residues conserved among different sulfatases might be expected to be more important and mutations in these residues found more often in MPS IVA patients. In this study, 13 out of 26 missense mutations occurred in conserved amino acid residues among sulfatase genes. Of the 26 missense mutations, 19 had a nonconservative amino acid change (table 2). Two previously reported polymorphisms (A231G and A393S) were found among the MPS IVA patients investigated.
A phenotype-genotype relation analysis was attempted, taking into account the clinical phenotype of the patient, homozygosity for the mutation, the amount of residual enzyme activity of the patient's fibroblast (or leukocyte), and the amount observed following in vitro mutagenesis and expression studies described previously. From this analysis, 23 mutations (17 missense, three splicing, two deletions, and one nonsense mutation) were associated with a severe phenotype, while eight missense mutations were associated with a milder phenotype (table 2) .
Methylation status at CpG sites in the coding region and correlation with transitional events at CpG sites (fig 2)
In four individuals analysed in this study, complete methylation was observed from exons 2 through 14 (65 CpG sites) while the region of exon 1 (13 CpG sites) was completely unmethylated. The methylation status of the sense strand correlated well with that of the antisense strand, suggesting symmetrical methylation in the coding region. We could not find any correlation between the methylation status and sex. Altogether, a total of 90 missense and nonsense mutations were identified in MPS IVA patients in the previous and current studies. Among them, 21 mutations (23.3%) resulted from transitions at CpG sites (fig 2) . In addition, two out of seven polymorphisms that changed an amino acid residue derived from transitions at CpG dinucleotide (V488M and T200M). 6 7 Taken together, all 23 CpG sites involving transitions were in exons with complete methylation and distributed throughout the coding region except for exons 1, 9, 12, and 14. Thirteen CpG dinucleotides in exon 1 comprised 16.7% of total CpG dinucleotides. Despite occupying the largest fraction of CpG dinucleotides in all exons, no transitional event at a CpG site in exon 1 has been found. Paucity of transitions at CpG sites was also observed in exons 9, 12, and 14 with complete methylation. The number of CpG sites for these exons was four, three, and one, respectively.
DISCUSSION
The aim of this study was to characterise the MPS IVA mutations in various ethnic populations and to examine the correlation between transition events and the methylation status of CpG sites of the GALNS gene. We have found 32 different mutations including 13 novel mutations. Our studies support the extensive allelic heterogeneity of MPS IVA and also show that the methylation status of the GALNS gene affects the distribution of transitional mutations at CpG sites.
Missense and nonsense mutations constitute the largest portion (82 out of 102 different mutations; 80%) of known alterations in the GALNS gene causing the MPS IVA phenotype. While identification of 13 novel mutations in this study documents the extensive allelic heterogeneity of MPS IVA, around 60% of mutations occurred recurrently. Among the recurrent mutations in this study, the most prevalent are R386C, G301C, I113F, T312S, and A291T. These five account for 8.0, 6.5, 6.5, 2.1, and 1.8%, respectively, of all missense and nonsense mutations compiled in MPS IVA. 4 5 8 11 It is difficult to determine whether these apparently recurrent mutations are identical-by-descent or truly recurrent since the origin of most of these mutations remains unclear. However, I113F and T312S mutations have been defined only in British/Irish population and 80% of G301C are identified in Colombian patients, while R386C and A291T have been detected randomly in various ethnic populations. I113F, T312S, and G301C are derived from transversion at non-CpG sites, while R386C and A291T are from transitions at CpG sites. These mutations that are population specific could be associated with a common founder effect, while the others could be due to mutational recurrences. The relationship between mutation types and clinical phenotypic features is influenced by multiple factors including the extent of the evolutionary conservation of the amino acid residue and the nature of the amino acid exchange. Half of missense mutations (13 out of 26) occurred on amino acid residues conserved among human sulfatase genes. Nineteen out of 26 (73%) missense mutations derived from a non-conservative (large) amino acid change (table 2). One might expect that a dramatic change of amino acid structure is more likely to cause disease. [19] [20] [21] Of the total number of point mutations in the coding region that we have compiled in MPS IVA patients, 29.1% occur by transitions at the CpG dinucleotides. This percentage is slightly lower than the compiled data from many genes described previously, 13 14 but represents an 18-fold higher probability of transitional mutations at these sites compared with the expected value for the number of CpG sites. Fourteen out of 21 transitional mutations at CpG sites were recurrently observed across different ethnic groups.
The primary DNA sequence is obviously an important factor in determining the location and frequency of point mutations. One major mechanism for the origin of point mutations causing human genetic diseases has been postulated as 5-methylcytosine deamination at CpG dinucleotides, which leads to C-to-T (or G-to-A) conversion. The mutation rate can be also calculated for transitions at other sites. Frequency of transitions at CpG cytosines of the GALNS gene including recurrent mutations (81 mutations in 156 cytosines in both strands) is increased 5.2 times compared with that of transitions at other cytosines (80 mutations in 796 cytosine sites in both strands). As a result, transitions at the 78 CpG dinucleotides account for around 50% of all the transitions. Thus, whatever the roles of DNA methylation in Xinactivation and regulation of gene expression, we pay a heavy price in terms of the increased mutability of the CpG sites, since the deamination of 5-methylcytosine in CpG dinucleotides leads to C-to-T (or G-to-A) transitional mutations. The methylated CpG dinucleotides are more prone to deamination, whereas those that are unmethylated will be much less likely to mutate to thymidine. Although methylation patterns between and within different genes vary widely, this all-or-none mutational susceptibility conferred by cytosine methylation is well illustrated by analysis of CpG sites within the GALNS gene. We tested the hypothesis that the hypermutability of the CpG dinucleotides in the GALNS gene is caused by methylation-mediated deamination using bisulfite-treated genomic sequencing to identify methylated CpG sites. No diseaseassociated transitions were found at CpG dinucleotides in exon 1 in MPS IVA patients although several mutations were identified at other dinucleotides. The methylation status correlated well with the distribution of occurrence of transitions at CpG dinucleotides. For instance, the paucity of transitional events at CpG dinucleotides in exon 1 correlates with the finding of complete non-methylation of exon 1 cytosines. On the other hand, all transitions at CpG sites including 21 disease-causative mutations and two polymorphisms are located in exons 2-14, which are methylated completely. Thus, most excessive transitions in MPS IVA mutations can be attributed to the hypermutability of the CpG dinucleotide. The current results concur with a previous report showing that non-methylation of exon 1 of the human GUS gene correlates with the absence of transitional mutations at CpG sites in exon 1 15 although we can not exclude the possibility that mutations in that part of the gene do not significantly affect the amount or activity of enzyme produced. Absence of transitions at CpG sites in exons 9, 12, and 14, which are also methylated, may be attributed both to the few CpG sites in those exons and to the paucity of conserved amino acid residues with a CpG cytosine.
In conclusion, this study further documents the extent of the allelic heterogeneity of MPS IVA in various ethnic groups, and provides evidence of the importance of the methylation status at CpG sites in the GALNS gene as regards the occurrence of disease causing mutations at these sites.
